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DNA TRANSPORT IN NANOPARTICLE POROUS-WALL NANOCHANNELS 
 

Center for High Technology Materials and Departments of Physics and Astronomy and 
Electrical and Computer Engineering, University of New Mexico, 1313 Goddard SE, 

Albuquerque, New Mexico, USA  
 

Abstract 
New types of chips were fabricated based on nanochannel structures with porous walls and roofs 
for a variety of investigations of nanofluidic properties, electrophoresis, DNA stretching 
properties and transport in nanostructures, influence of electric field and dye bonding on the 
behavior of  DNA molecules in the nanochannels.  Advantages of the structures are 
demonstrated for the future investigations of manipulation with DNA and other biomolecules. 

 
1. Fabrication of chips with channels and porous walls.  

 
The goal of the project is study DNA movement and extension in 1D channels with porous walls. 
It is obvious from the great amount of previous reports that interests on Lab-on a Chip systems 
or micro- or nanofluidic systems for analyzing biological or chemical samples have 
tremendously increased in the last years [1,2]. Micro- and nanochannel structures are used to 
separate, manipulate, and elongate DNA [3-8]. There are a lot of fabrication techniques for 
nanofluidic channel devices [9-11]. Compared to previous fabrication approaches, our method 
has the advantages of ease of fabrication and, importantly for the first time, the provision of 
interconnected porous structures. 

We investigated DNA transport in 1D porous nanochannel structures, using capillary 
action (hydrophilic surface tension) and electrophoresis as the driving forces. The nanochannels 
were fabricated starting with photoresist patterns on quartz base defined by interferometric 

a)        b)  

c)     d)  
Figure 1. (a) Photoresist pattern, (b) One-dimensional enclosed channels with silica particles, 
(c) magnified SEM image of channels walls formed by 50 nm silica particles, (d) 
Nanochannel sample with wells and contacts for applying an electric potential across the 
channels 



lithography which was used as a soft template (Fig 1 (a)) around which silica nanoparticles were 
self-assembled by spin coating with a colloidal nanoparticle suspension (Fig 1 (b)) [12,13]. The 
final fabrication step was an 800° C bake in an air ambient to burn out the photoresist and sinter 
the nanoparticles. The result was a parallel array of 100- to 500-nm wide nanochannels with 
porous walls and roofs fabricated from silica nanoparticles of 50-nm diameter (Fig. 1 (c)) [14].  
Next, we etch wells at the ends of the channels by reactive ion etching to allow for filling of 
liquid samples into the channels and add contacts by chrome and gold deposition at the bottom of 
the wells for the application of an electric potential (Fig 1(d)).  There is a strong enhancement of 
the concentration in the nanochannels compared to a bulk solution which provides a unique 
medium for spectroscopic investigations. Additionally, porous regions could be interspersed in 
the channels providing a unique separation medium with multiple channel-porous medium 
interfaces 
 
  2. DNA reaction on applied electric field in nanochannels.  
 
DNA solution was applied to one side and a buffer solution to the other to fill the area between 
wells and provide conductivity through the channels (Fig 2(a)).  DNA transport was monitored 
by laser induced fluorescence through the transparent silica nanoparticle roof. The set-up with 
pumping laser beam to provide excitation of YoYo-1 dye attached to DNA molecules and allow 
investigation of the impact of an applied electric field on the kinetics of stretched DNA 
molecules is shown in Fig 2(b). Two types of DNA are used: a comparatively large DNA strand, 
lambda-phage (~49,000 bp), and a low molecular weight (LMW) strand (~ 200 bp). The kinetics 
of DNA molecules is recorded by a CCD camera and the separate frames are shown in this report.  
 

 
The results of the experiments with an applied electric field demonstrated movement of 

the negatively charged Lambda and LMW DNA towards the positive contact. Observations of 

a)        b)   
 

Figure 2. (a) Nanochannel sample with DNA solution penetrated between wells with 
contacts, (b) set-up with nanochannel sample for investigation of the impact of the applied 
electric field. 
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the drops in the wells (while the buffer solution was on the other side) showed that applied 
electric field caused Lambda DNA movement to the edge of the drop against the electric field 
Fig 3(a) and fast penetration through the channels as well as DNA molecule accumulation on the 
edge of the drop Fig 3(b). The opposite electric field initiated the movement of the band of 
accumulated DNA from the edge of the drop towards a connected electrode. Pictures in Fig 
3(c,d,e) show the DNA band location in the drop in ~ 0.1 s intervals after applying the electric 
field. 

Some DNA molecules appear stuck in blocked channels and accumulated (Fig 4(a)). 
Applied electric field in the direction of DNA movement stretched the molecules towards the 
positive electrode Fig 4(b).The electric field in the opposite direction compresses DNA at the 
obstacles and sometimes allowed them to penetrate through the obstacle (Fig 4(c)). The same 
experiment was done with the DNA solution on the right side of the sample and buffer solution 
on the left. DNA molecules stuck at obstacles on the right side (Fig 4(d)), were compressed when 
positive potential was applied to the left (Fig 4(e)) and stretched by the field with positive 
potential applied to the right (Fig 4(f)).  

 
The dependence of DNA length and distance from an obstacle in time is shown in Fig. 5(a). 
DNA flow is from left to right. Change of the potential applied to the right electrode at the same 
time is shown in Fig. 5(b). Change of DNA length is shown in Fig. 5(c). The electric field 
applied at the same direction as DNA flow stretched the molecules (-3V stretches from 7 to 
10um). If the molecule was released and began to move then length of the molecule was 
decreased (8 um). The increasing potential kept the molecule movement in the same direction. 
The potential change to opposite caused the molecule length increasing (12um) and switching 
direction of the movement. Then the molecule was compressed to 2 um at the obstacle. However, 
DNA extension depends not only on applied potential and polarity but on time of the potential 
impact, distance from electrodes, wetability of a sample, quality of channels, and evaporation 
from the surface. Therefore the estimation of DNA extension should include all these 
parameters, 
 

a)             b)    
 
 

c)    d)   e)  
 

Figure 3. (a) DNA movement to the drop edge, (b) DNA accumulation on the drop edge;  
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DNA band location in (c) 0.1 s, (c) 0.2 s, (c) 0.3 s after applying the electric field. 
 
 
 

a)   b)  c)  
 
 
 

d)   e)     f)   
 

Figure 4.  (a) Fluorescent image of DNA flow from left to right in 1D channels: (b) DNA 
extension with positive potential applied to the right well, (c) DNA extension with positive 
potential applied to the left well, (d) Fluorescent image of DNA flow from right to left in 1D 
channels: (e) DNA extension with positive potential applied to the right well, (f) DNA extension 
with positive potential applied to the left well. 
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3.. Chips with channels and porous media.  
 
The next group of experiments was conducted using samples with channels on one side 

and porous media on the other side (Fig. 6(a)). The porous between 50 nm particles was 
estimated to be ~ 15 nm. DNA solution came through the channels and stopped at the porous 
media (Fig 5(b)). In a few minutes penetration through porous began to take place (Fig 6(c)).   
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Figure 5. a) DNA length and distance from the obstacle  in time, b) potential change in time, c) 
DNA length change in tine   



a)                                             b)     c)  
 

 
Figure 6. (a) Sample with nanochannels on the left and porous media on the right, (b) DNA 
accumulation on media separation, (c) DNA penetration in porous 

 
  An applied electric field with positive potential on the left caused DNA accumulation at 
the drop edge in porous media and DNA penetration through pores. Pictures in Fig 7(a,b,c) are 
taken with an interval of 0.4 s. The bright spots in the porous media were produced by the 
accumulation of DNA in damaged regions. The opposite electric field led to an accumulated 
DNA band movement from the edge.  Pictures in Fig 76(d,e,f) are taken in 0.6 s intervals. 
Increasing the electric field with positive potential on the left enhanced the DNA penetration into 
the porous media also drying the drop as well (Fig 7(g,h,i)). 

The electric field with positive potential on the right provided fast penetration of DNA 
from channels to the porous media (Fig 8(a)) and DNA compression (Fig 8(b)). The opposite 
electric field almost stopped penetration and probably stretched DNA molecules to the left. The 
same experimental results are shown for another area with group of channels filled with DNA 
solution in Fig 8(c,d). 
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a)   b)  c)  
 
 
 

d)   e)  g)   
 
 
 

g)   h)   i)  
 

 
Figure 7. (a) DNA movement to the drop edge; (b) DNA accumulation on the drop edge in 0.4 s, 
(c) in 0.8 s.  DNA band location in (d) 0.6 s, (e) 1.2 s, (f) 1.8 s after applying the electric field. 
(g,h,i) DNA penetration into porous media. 
 

 
 
 
 

E +  ­ 

E +  ­ 

E  + ­ 



     
 

a)     b)    c)  
 
 
 

d)        e)    
 

Figure 8. (a) DNA accumulation at media separation and penetration to porous, (b) DNA 
compression and penetration to porous media stired up by the electric field, (c) decreasing 
penetration and stretching DNA. Another area (d) increasing penetration, (e) decreasing 
penetration. (Media separation is shown by the orange line) 
 
 

4. Penetration of DNA drops through porous walls. 
 

Experiments with drops on the surface of the samples demonstrated a difference in 
penetration of DNA molecules (dyed with YOYO-1) with different size through porous media. 
Lambda DNA penetrated through the roof much faster (~5 min) and moved through the channels 
(Fig 9 (a)). LMW DNA penetration took around 15 min. LMW were located more in porous 
media than in the channels (Fig 9 (b)). However, the ration of DNA concentration to dye should 
be taken in consideration because it has a huge impact on molecules penetration. 

 
 

a)                       b)  
 

          Figure 9.  Penetration of fluorescent DNA through the porous roof to the channels: (a) 
Lambda DNA, (b) LMW DNA  
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We observed  a fluorescence of a drop of YOYO-1 dye on the porous roof of 
nanochannel structure but there was no fluorescence in the nanochannels (Fig 10 (a)).  The 
recommended ratio of concentrations (1 µl of YOYO-1, 13.4 µl of lambda DNA dye and 1000 µl 
of TBE solution) results in fluorescent drop and appearance of yellow clusters which concentrate 
at the drop border (Fig 10 (b)). Decreasing of  the dye concentration ratio by twice (0.5 µl of 
YOYO-1 dye, 13.4 µl of lambda DNA, 1000 µl of TBE) results in decreasing of fluorescence 
intensity in the drop (Fig 10 (c)).  Next reduction of dye to 0.25 µl at the same concentration of 
Lambda DNA allows us to see fluorescence in nanochannels  (Fig 10 (d)). The intensity of the 
fluorescent in nanochanels increases with dye concentration reduction to 0.125 µl (Fig 2 (e)), but 
further reduction results in fluorescence decreasing: 0.063 µl YOYO-1 (Fig 10 (f)), 0.032 µl 
YOYO-1 (Fig 10 (g)), 0.016 µl of (Fig 10 (h)). Note, that the border around the drop disappears 
with dye reduction. This experiment allows us to choose ratio which gives maximum fluorescent 
intensity for the particular dye in porous nanochannels. The area with nanochannels was selected 
from pictures shown on Fig.10 and histograms of intensity distribution were obtained.  
 

a)  b)    c)       
 

d)  e)   f)  
 

g)      h)  
 
Figure 10.  Spreading of drops of solution with different concentration of YOYO-1 and Lambda 
DNA in TBE solution YOYO-1: Lambda DNA: TBE (a) 2:0:1000 , (b) 1:13.4:1000, (c) 



0.5:13.4:1000, (c) 0.25:13.4:1000, (c) 0.125:13.4:1000, (c) 0.063:13.4:1000, (c) 0.032:13.4:1000, 
(c) 0.016:13.4:1000 

We choose a threshold to eliminate a background and calculated cumulative relative 
intensity for each picture and obtained a graph shows dependence of florescence versus YOYO-1 
dye concentration for the same concentration of Lambda DNA. (Fig 11). The results show that 
maximum intensity of fluorescence in nanochannels was on Fig 10(e) which corresponds to 
0.125 µl of YOYO-1, 13.4 µl of Lambda DNA dye and 1000 µl of TBE (4 times less than 
recommended). This optimal ratio was used for further experiments. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

5. Development of a two level chip with cross channels and porous layer as separation 
media. 

 
Two layer chips which gave possibility not only to filter but also to collect separated molecules 
were fabricated. The second layer of a 500-nm wide nanochannels array perpendicular to the first 
was fabricated on the top silica nanochannels. The silica nanoparticle barrier was made in this 
layer for DNA accumulation. The second pair of wells was made in the opposite direction (Fig 
12(a)).  Then molecules from a drop moved through the top channels accumulated along the 
barrier and penetrated through the porous roof into the bottom layer and moved in perpendicular 
direction. The drops of a buffer solution made the chip wet (Fig 12(b)) provided conductivity. 

   
                                                             YOYO-1 molecules 
Figure 11. a)  Dependence of relative fluorescent intensity versus concentration ratio YOYO-
1 to 10 bp of DNA  



Applied electric field to the wells can drive DNA in the top channels and provide fast 
accumulation at the barrier. Molecules that penetrate into the first layer can be removed from the 
channels by an electric field applied to the pair of wells in the bottom layer. 

   Another type of chip with two perpendicular layers and cross wells was fabricated with 
a macrochannel in the top layer to study possibilities of molecules penetration into the bottom 
layer during the movement in the top one with and without electric field application (Fig 12(c)). 
The crosscuts of the chip in different directions were made by SEM. The crosscut made 
perpendicular to the first layer is shown in Fig 13(a) and perpendicular to the second in Fig 13(b). 
The roof of the first layer can vary in thickness 200-500 nm to provide a difference in time of 
penetration for optimization the molecules separation. For better estimation of the thickness of 
the separation layer we made chips with parallel channels in two layers (Fig 14). 

 

   a)  

b)               c)                           
 
Figure 12.  (a) Schematic of molecules penetration from the top to the bottom layer, (b) Sample 
with 2 layer nanochannels,  barrier and application of electric field,  c) Chip with macrochannel  
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          a)                                                             b) 
 
  Figure 13.   a) crosscut along top channels, b) crosscut perpendicular top channels 
 

                                      
 
         Figure 14.  Chips with different separation thickness of the  roof  
 

The result of the experiment with microchannel chip (Fig 12(b)) is shown in Fig 15. DNA 
moved in the second layer penetrated into the lower layer  through the roof and is nicely seen in 
nanochannels in the perpendicular direction. However, the wetability of the chip surface and 
arbitrary penetration results in chaotic locations which creates difficulties in study speed of 
penetration of different types of DNA as well as their stretching with impact of the electric field.  

 
 

 
 

Figure 15.  Fluorescence in the second layer. 
 

 
 
 
 



 
 

6.  Chips with barriers for separation  
 

The next group of experiments was conducted using samples with channels and thin 
barrier from nanoparticles manufactured perpendicular to the channels. The barriers were 
fabricated by additional illumination of photoresist patterns after interferometric lithography on a 
mask aligner before silica particles spinning. A chip with a barrier (3 µm) is shown in Fig 16 (a), 
enlarged area of interest is shown in Fig 16 (b) from the top and in Fig 4 (c) from the side. It is 
also possible to make several barriers for different types of filtration. A chip with three barriers 
perpendicular to the channels is shown in Fig 16 (d), enlarged area of interest is shown in Fig 16 
(e) from the top and in Fig 16 (f) from the side.   

 
 

 
 
Figure 16. (a) Sample with nanochannels and 3 um barrier, (b) enlarged area of interest from the 
top and (c) from the bottom (d) with  three 3 um barriers, (e) enlarged area of interest from the 
top, (f) from the bottom 
 
Experiments conducted with DNA showed DNA movement into the channels and accumulate 
along the barrier (Fig 17 (a)).  The buffer solution filled the well on the other side to provide the 
chip conductivity.  Applied electric field increased DNA accumulation (Fig 17 (b)) and then 
DNA penetrated through the barrier (Fig 17 (c)). Accumulation on three barriers is shown in Fig 
17 (d). In this case we observed DNA penetration over the roof through a drop (Fig. 17(e) taken 
with pump laser and Fig 17 (f) taken with regular white illumination ). Opposite electric field 
moved DNA from the barrier as it is shown in Fig 18 (a). Fig 18 (b) is taken with pump laser and 
regular illumination allows us to see the barrier and the channels on the left.  Drops of fluid were 
going over the barrier (Fig 19 (a)). They appeared and disappeared from the porous surface due 
to the applied electric field and capillarity effects (Fig 19 (b)). The electric field enlarged the 
drops especially on chips with several barriers (Fig 19 (c)). 
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a)  b)  c)  
 
 
 
 

     
c)                                                      d)                                                 e) 
 
Figure 17. (a) DNA accumulation at the barrier, (b) DNA accumulation at the barrier with 
applied electric field, (c) DNA accumulation and penetration through the barrier, (d) DNA 
accumulation at three barriers, (e) DNA penetration through the drop on the surface over the 
barrier with electric field applied. The(picture was taken with laser pump and (f) and white 
illumination 
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a)             b)   
 
Figure 18. (a) DNA movement to the right side with electric field applied, (b) DNA 
movement to the right side with electric field applied (picture was taken with laser pump and 
white illumination). 
 



 
 

 
The results of experiments showed that a waterproof cover on the roof is necessary to 

study the difference in DNA molecule penetration through the barriers as well as to study the 
influence of direct and pulse currents and temperature impact on the mobility. Chips with solid 
cover can have applications in separation of biological components, molecules and particles by 
size and mobility.  

 
7.  Chips with bonded pyrex roofs 

 
The next approach was to use chips with channels etched in silicon wafer (oxidized to 

present a SiO2 surface to the solution), covered by a solid Pyrex roof using anodic bonding 
(usual bonding conditions 1000 V and 350°C). The 25 µm wide by 1 m deep channels were 
filled with nanoparticles were investigated for DNA separation by size.  In an ideal case we need 
at least two barriers of nanoparticles under a solid roof for observing the separated DNA: one 
barrier for separation and the other for DNA accumulation, because we can observe fluorescent 
molecules only after they accumulate to a certain concentration (Fig 20).  

 
We filled channels with nanoparticles from the wells to the side of the roof using 

electrophoresis. There is a great deal of flexibility in the channel and particle sizes we can use. A 
negative potential was applied to an aqueous solution of ~ 7 nm diameter nanoparticles on one 
side and positive to a drop of water on the other side. Nanoparticles were transported into the 
channels and filled them. Unfortunatly, the nanoparticle filling was not very uniform; to a large 

a) b)   c)   
 
Figure 19.  (a) Nanochannel chip with porous roof and liquid penetration through the roof over the 
barrier, (b) sample with nanochannels and one 3 µm barrier, (c) drops of fluid along three 3 µm the 
barriers with electric field applied (picture was taken with laser pump and white illumination) 

 
 
Figure 20. Channels etched in silicon with bonded pyrex and filled with nanoparticles. 
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extent, the nanoparticles accumulated on one or both edges of the pyrex (Fig. 21). Nevertheless, 
the experiments with this preliminary chip gave some promising results. In the experimental 
protocol, a negative potential was applied to DNA drop (positive to TBE drop on the opposite 
side of the ~ 5 mm wide roof). This arrangement provided DNA flow through the porous media 
consisting of dense arrays of 7 nm nanoparticles (2- to 3-nm pores between the nanoparticles). 
All of the following pictures are taken with the DNA drop on the top of the picture and TBE 
buffer solution on the bottom, so the flow is top to bottom. We used Lambda and LMW DNA 
solution with YOYO-1 dye and observed DNA accumulated at the edge of the porous media 
(Fic.22 (a,b)). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

In experiments with Lambda DNA large conglomerations are nicely seen in channels 
with nanoparticles in white light together with laser illumination 488 nm (Fig.6). The DNA 
seems to be aggregating at sites within some, but not all, of the channels; this is probably related 
to the nanoparticle filling non-uniformity.  

 
 
 
 
In experiments with Lambda DNA large conglomerations are nicely seen in channels 

with nanoparticles in white light together with laser illumination 488 nm (Fig.23). The DNA 
seems to be aggregating at sites within some, but not all, of the channels; this is probably related 

a)  b)  
            
 Figure 22. a,b) Lambda DNA dyed by YOYO-1 in nanochannels 488 nm wavelength illumination. 

 
 

Figure 21. Chip with nanoparticles and applied voltage 
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to the nanoparticle filling non-uniformity. In a zoomed region of accumulation in a picture 
Fig.24 (a) taken in laser illumination we observe Lambda DNA large conglomerations blocking 
the channels (Fig.24 (b)). Then we conducted the same experiment with LMW DNA (200 bp) 
also dyed by YOYO-1. The molecules passed through the channels and mostly accumulated in 
small areas on the edges of channels were the pyrex was bonded (Fig.24 (c)). The zoomed region 
of accumulation Fig.24 (d) shows that concentration of stacked molecules in this case is much 
smaller probably because of higher mobility of smaller molecules through nanoparticle regions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
Figure 23. Lambda DNA dyed by YOYO-1 in 
nanochannels, 488 nm wavelength and white-light 
illumination. 

a)  b)  

b)  c)  
 

Figure 24. Lambda DNA dyed by YOYO-1 in nanochannels: a) 488 nm wavelength illumination, b) 
expanded view of region in red square, c) LMW DNA dyed by YOYO-1 in nanochannels, 488 nm 
wavelength and white light, b) expanded view of region in red square. 
 



 
 

8. Separation of DNA mixture in chips with channels etched in silicon with bonded pyrex 
roof.  
 
Taking into consideration the difference of penetration the following experiments were 
conducted with a mixture of Lambda DNA dyed by YOYO-1(excitation wavelength 488 nm; 
peak fluorescence wavelength 509 nm) and LMW dyed by Hoechst 33258 (excitation 
wavelength 365 nm and peak fluorescence wavelength 461 nm). The ratio was adjusted to the 
optimum ratio of dye to DNA determined in previous measurements. Additional pump laser and 
a chopper were added to our set up to switch pump illumination (Fig 25). The pictures (Fig 26 
(a,b)) taken in 488 and 365 nm illumination show locations of blue and green fluorescence. The 
pictures were taken several times to confirm the temporal stability. The picture taken with 488 
nm and white light illumination (Fig. 26(c)) indicates the location of the channels. The 
overlapped green and blue layers of Fig 26(a) and Fig 26(b) clearly show separation of blue and 
green fluorescence in the channels filled with nanoparticles (Fig.26(d)).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 25. Set up and fluorescent dye excitation  
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In order to confirm separation, the next experiments were made with opposite mixture of 
DNA with dye. Lambda DNA dyed by Hoechst and LMW dyed by YOYO-1. However, the blue 
fluorescence was in front again (Fig 27 (a,b)). Also in this experiment in the same overall regions, 
we observed some channels with only blue fluorescence and some with only green (Fig. 28(a,b)). 
In this case we can suggest that we have separation of dyed molecules due to size or quality of 
channels 

 
 

a)  b)    
 

b)  d)  
 
 

Figure 26. Mixture of Lambda DNA dyed by YOYO-1 and LMW dyed by Hoechst: a) 488 nm 
illumination;  b) 365 nm illumination;   c) white light illumination, d) sum of green and blue layers of 
figures (a) and (b). The line of scattering at the bottom is due to a scratch on the roof and is not 
indicative of DNA accumulation. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
In spite that the chips of this design gave good results in separation, there was defined 

localization of separated molecules for extraction due to non-uniformly filled macrochannels 

a)    b)  
 

Figure 28. (a,b) Some channels with only blue fluorescence and some with only green, mixture of Lambda 
DNA dyed by Hoechst and LMW dyed by YOYO-1 , composite of pictures with 365 nm and 488 nm 
illumination. 

a)     b)  
                                                                            

           Figure 27. (a, b) Lambda DNA dyed by Hoechst and LMW dyed by YOYO-1, sum of green and blue 
layers of figures taken with 488 and 365  



(Fig.21). So we decided to return to our previous chip design. Due to the possibility of 
independent mobility of both the dye and the DNA molecules, it is difficult to determine if we 
have separated the dye molecules or the DNA molecules. 

9. Fabrication and investigation of a chips with different cover using ALD 
deposition 

We decided to solve the problem with DNA penetration over the roof of the barriers by sealing 
of the roof of our nanochannel chips and discovered that spin on glass or PDMS are hydrophobic 
and do not allow liquid penetration at all, all types of urethane prepolymers or nitrocellulose 
block channels completely. Molecular deposition (CVD) of SiO2 or Si3N4 decreases DNA 
penetration through the roof and solution evaporation but does not prevent it completely. Only 
atomic depositions (ALD) made after CVD deposition almost completely prevents passing DNA 
through the roofs (Fig. 29). In case of ALD or CVD depositions we have to change technique of 
etching wells. Lithographical method when we put photoresist, used a mask for illumination, 
etched wells and washed out photoresist did not work well for chips because we could not 
remove photoresist out of channels completely due to the lack of pores in roofs. So we began to 
use just appropriate mask for etching.     
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The initial design of chips had uniform barriers but disadvantages in rapid evaporation through 
the porous roof. Different kinds of depositions change evaporation over the chip roof. 
Evaporation can be estimated by the distance of liquid penetration through the channels. If we 
put a drop of liquid on the porous roof we can see that penetration of liquid through the channels 
is approximately 1.5- to 2-mm. The same penetration we observe if we put the drop into the well. 
(Fig.30 (a)).  In this case DNA solution easily penetrates through roofs with ~ 15 nm pores, 

 
Figure 29. Sealing porous roofs 



especially under applied electric field across the barriers. Chemical vapor deposition (CVD) of 
an 80- to 120-nm film of Si3N4 or SiO2 over the roof reduces the evaporation and provides liquid 
penetration up to 3- to 4-mm (Fig.30 (b)). A further application of 10- to 20-nm thick atomic 
layer deposition (ALD) of silica (SiO2) or alumina (Al2O3) over the CVD deposition reduces the 
roof pore size further and provides liquid penetration up to 5-8 mm and almost prevents DNA 
penetration through the roofs (Fig.30 (c)). 
 
 
 

 
 
We investigated different types of atomic depositions. Ag deposition is not transparent for 
fluorescent light as well as for THz. Al2O3 deposition (note, that it requires different type of 
etching wells: BCl3 instead of SiHF3) is transparent, allows 5-6 mm of water penetration but 
prevents long distance DNA penetration through channels probably due to the positive charged 
walls. We applied an electric field (70 V/cm) to investigated chips and discovered that DNA did 
not penetrate more than 1-2 mm from the edge of well (Fig. 31).  Changing the polarity of the 
potential caused only DNA oscillation in the area of penetration. 
 
 
 
 
 
 

                                     

                                         

a)              b)                c)  
 
   Figure 30. a)  Nanochannel chip with porous roof and liquid penetration 1.5-2 mm ,        
b)  Nanochannel chip with porous roof and CVD deposition, liquid penetration 3-4 mm , 
c)  Nanochannel chip with porous roof , CVD deposition and ALD deposition, liquid 
penetration 5-6 mm. The top figures show a schematic of the nanochannel structure; the 
middle gifures are the result of penetration from a drop of solution deposited on the roof; 
the bottom figues show the penetration into the channels for a drop applied to etched 
wells exposing the entrances to the nanochannels. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
We found out that there was an influence of different ALD depositions on DNA penetration. 
SiO2 deposition allowed 6-7 mm of water penetration and 2-2.5 mm of DNA penetration through 
the channels (Fig. 32). Applied electric field did not give good results because we could work 
only with silicon wafers with high conductivity. SiO2 deposition on a quartz substrate requires 
special arrangements in a set up for ALD deposition which will be done in future.  

 a)              b)    

c)  
 
Figure 31. Al2O3 deposition, quartz chip with contacts, DNA solution on the bottom 
contact and TBE on the top a) white light 1-x magnification, b)  488 nm wavelength 
illumination, 1-x magnification, c)  area near the bottom contact, 488 nm wavelength 
illumination, 20-x magnification 



 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
We had 7-8 mm of liquid penetration in chips with HfO2 deposition (combined picture is shown 
in Fig. 33(a)) and 2-3 mm penetration of DNA (Fig. 33(b,c)).  We also conducted experiments 
with quartz chip with two barriers and HfO2 ALD deposition (Fig. 34).  DNA under influence of 
an electric field penetrated through channels and became stuck on the first barrier located 1 mm 
from the well. They could oscillate in this area when but did not pass through the barrier. We 
saw nothing on the second barrier. It appeared that the pores in the barrier also were covered 
with HfO2 and did not allow DNA penetration at all. Probably we need cover the edges of the 
channels to prevent atoms penetration inside during deposition. So, we decided to make 
experiments only with CVD deposition. 
 
 

 a)           b)    

c)          d)   
 
Figure 32. SiO2 deposition , silicon chip with wells, DNA solution on the bottom a) white 
light 1-x magnification, b) 488 nm wavelength illumination 1-x magnification, c) area near 
the bottom well, 488 nm wavelength illumination 5-x magnification, d) area near the 
bottom well, 488 nm wavelength illumination 20-x magnification 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

      a)     c)   
 
Figure 34. HfO2 deposition, quartz chip with contacts and two barrier, DNA solution on the 
bottom contact and TBE on the top a) white and 488 nm wavelength illumination 5-x 
magnification, b) 488 nm wavelength illumination 5-x magnification 

         
            DNA                                                                 liquid 
a) 

       b)    c)   
 
Figure 33. HfO2 deposition, silicon chip with wells, DNA solution on the left a) white and 488 
nm wavelength illumination 5-x magnification, c) area near the left well, 488 nm wavelength 
illumination 5-x magnification, d) area near the left well, 488 nm wavelength illumination 20-x 
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10.  Investigation of penetration of DNA mixture in nanochannel chips with porous 
barriers  using illumination of two lasers.   

 
We investigated separation of DNA species using porous barriers in nanochannel We use 

a mixture of Lambda DNA  - YOYO-1 dye, LMW DNA  - POPO-3. Black and white cameras 
are more sensitive and can give us information about dyes localization if they are excited by 
different wavelength sources. Fig 35(a) shows the edge of a well (on the left, DNA flow to the 
right) three minutes after the mixture of Lambda (YOYO-1 dye) an LMW DNA (POPO-3 dye) 
was put into the well and both dyes were excited by 488 nm wavelength. Fig 35(b) is the same 
spot illuminated by 532 nm wavelength light which excited POPO-3 dye only and shows 
localization of LMW DNA molecules. The subtraction of Fig 35(b) from Fig 35(a) gives us the 
picture of -DNA localization labeled with YOYO-1 dye only (Fig 35(c)). Note that only the -
DNA is observed in the nanochannel region. 

 
                                                   DNA flow 

 

 a)  b)  c)  
Figure 35.  (a) fluorescence of - (YOYO-1) and LMW- (POPO-3) DNA exited by 488 nm ,  
                  (b) fluorescence of LMW (POPO-3) DNA excited by 532 nm ,  
                  (c)  subtraction of the pictures – localization of -DNA. 
 
The crosscuts of the pictures show us localization of - and LMW-DNA – blue line, LMW-green 
line, only DNA –red line in horizontal and vertical directions in Fig. 36 (red dashed lines). We 
see that the LMW DNA is more concentrated just at the edge of the well while the -DNA with 
YOYO-1 is distributed inside the nanochannels. The crosscuts also give us also information on 
the concentrations of DNA Fig. 36 (a, b). 
                  The edge of the well                  The edge of the well 
 

               
a)                                                  b)     

Figure 36.  fluorescence of Lambda (YOYO-1) and LMW (POPO-3) DNA excited by 488 nmt –
blue, fluorescence of LMW (POPO-3) DNA excited by 532 nm – green,  subtraction of the 
pictures – localization of Lambda DNA -red. 
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The same mixture of - and LMW-DNA, dyed with different dyes as above, was dropped in one 
well (right) and a buffer solution in the other (left). Porous barriers for DNA separation was used 
(Fig 37 (a)) for separation experiments. When the electric field was applied the solution 
accumulated on the right side of the barrier and then after some delay appeared on the left. This 
is seen at 488 nm excitation (Fig 37(b)). However, the 532 nm excitation shows fluorescence 
only on one side of the barrier (Fig 37(c)). The crosscuts of the pictures (blue and green) and the 
difference between the pictures (red) along the brightest channels are shown in (Fig 37(d)). 
 

                                                                                           DNA flow 
 

 
                                                                              b)            
                                                DNA flow                                                
 

barrier 

 
  

c)                                                                          d) 
 
Figure 37. (a) Sample with nanochannels and 3 µm barrier,  

      (b) fluorescence of Lambda (YOYO-1) and LMW (POPO-3) DNA excited by 488 nm  
        (c) fluorescence of LMW (POPO-3) DNA exited by 532 nm light ,  

 
We investigated separation of DNA species using porous barriers in nanochannel chips 

with CVD deposition using color camera. We use a mixture of Lambda DNA - POPO-3 dye, 
LMW DNA - YOYO-1 dye and mixture of opposite bonded components . In both cases we 
observed concentration of red fluorescence (POPO-3 dye) on the barriers (Fig.38). In these cases, 
barriers probably prevented penetration of molecules with POPO-3 dye.  We observed green 



fluorescence in several group of channels before the barriers. We think that separation of DNA 
by length took place in the nanochannels with barriers, but independent transport of dyes makes 
interpretation difficult. 

 

 
Another experiment was conducted with Lambda DNA  dyed by SYTO 59 and LMW 

DNA   dyed by YOYO-1.  We used 488 nm and 636 nm pump illumination . Fig 39(a) shows 
that DNA dyed with YOYO-1 goes faster and passes through the barrier. If we use YOYO-1 dye 
for Lambda DNA  and  SYTO 59  for LMW DNA  again we see  that DNA  with YOYO-1  dye 
moves faster  (Fig 39(b)), reaches the barrier and starts penetrate (Fig 39(c)). 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
               Figure 38. Separation of DNA species with different dyes using porous 
                barriers in  nanochannels

 
a)                                            B)                                             c) 

 
               Figure 39. a) Lambda DNA  dyed by SYTO 59 and LMW DNA   dyed by YOYO-1 
on the barrier, b) movement of Lambda DNA  dyed by YOYO-1 and LMW DNA   dyed by 
SYTO 59, c) Lambda DNA  dyed by YOYO-1 and LMW DNA   dyed by SYTO 59 on the 



 
 
 
 
10. Experiments with drop of DNA mixture penetration through porous roof  

Another set of experiments were conducted with drops of a mixture of different sizes of 
DNA bonded with different dyes put on the top of porous roofs over nanochannels. In this case 
the roof works as the separation media and we observed that molecules with certain dyes have 
different lengths of penetration.  If Lambda DNA dyed by Hoechst and LMW dyed by YOYO-1 
or in opposite combination, blue fluorescence of molecules with Hoechst was always in front of 
DNA dyed with YOYO-1 (Fig 40(a,b)).  

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
A drop of the mixture of Lambda and LMW DNA dyed by YOYO-1 and POPO-3 was 

put on porous roof and green fluorescent of YOYO-1 was seen ahead of orange. Interchange of 
dyes and DNA again resulted in green fluorescence in front of orange (Fig 41 (a,b)). Similar 
results were obtained from experiments with mixture of Lambda and LMW DNA with YOYO-1 
and Syto 59 dyes (Fig 41(c, d)). So, in diffusion experiment DNA with certain dyes moves faster 
independently of length. Probably due to the non-covalent bonding, dye can separate from DNA, 
move independently and re-label another DNA strand (similar effect has been observed by other 
scientists with tagged antibodies).   

 
. 

a)         b)  
 

  Figure 40. a) Mixture of Lambda DNA dyed by Hoechst and LMW dyed by YOYO-1, b) 
Mixture of LMW DNA dyed by Hoechst and Lambda dyed by YOYO-1 
 



 
 
 

These results are in a good agreement with SwatiGoyal results obtained on antibodies 
diffusion through 200 nm diameter nanochannel membranes. He showed that diffusion flux of 
goat anti-mouse IgG1 tagged with Alexa 546 antibody (red) is significantly higher than with 
Alexa 488 (Fig.42) [15].  We also have separate dyes migration caused by not covalent bonding. 

     a)     b)  

   c)     d)   
 
Figure 41 a) Lambda DNA  - YOYO-1 dye, LMW DNA  - POPO-3 dye , b) Lambda DNA  - 
POPO-3 dye LMW DNA  - YOYO-1 dye, C) Lambda DNA - YOYO-1 dye, LMW DNA  - 
SYTO 59 dye, d) Lambda DNA  - SYTO 59 dye, LMW DNA   - YOYO-1  dye 
 



 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Penetration of mixture of DNA with different size bonded to different dyes through the CVD 
cover continues longer time but gives the same results as through porous roofs without cover. 
DNA dyed by Hoechst independently of size passes the roof faster and are nicely seen in front of 
DNA dyed by YOYO-1 in channels. DNA dyed by SYTO-59 or POPO-3 appears in channels 
later than DNA dyed by YOYO-1. In order to get rid of dye influence on DNA penetration 
probably we need to conduct experiments without dye and to check ratio of molecules before and 
after the experiment using gel separator or bio-analyzer. 
 

11. Development of a device for DNA extraction from gel. 
 

Gel media are well established for DNA separation. We have initiated a collaboration with 
Research Professor Anton Bryantsev in the UNM biology department. The main problem he 
identified was DNA extraction from the gel which is possible to do only with overwhelming 
losses (up to 75%) of the DNA (and is done quite crudely by cutting up the gel and separating 
the DNA from the components of the gel. The experiment we tried was to use our nanochannel 
chip with porous roof for DNA extraction from gels where DNA separation and banding has 
already been accomplished. A piece of gel with a DNA ladder was prepared. The gel was put on 
the top of our chip with porous roof and was held in place with a silicon wafer which also served 
as a top electrophoresis contact. A well etched for DNA accumulation was filled with TBE 
solution. An electric field was applied to the top Si wafer and to the electrode in the well (Fig.43). 
DNA moved from the gel into the channels through the roof and then along the channels to the 
well. Accumulation of DNA in the well was detected by fluorescence after adding YOYO-1 dye. 
This preliminary experiment showed the possibility of DNA extraction from gels and gives 
opportunities for future work on DNA separation and extraction. These chips with porous roof 
for DNA extraction from gels where separation have already taken place requires additional 

a)     b)  
 
Figure 42.  Diffusion of antibodies through membranes, IgG1 tagged with Alexa 546 antibody 
(red) is significantly higher than with Alexa 488, b) Effect of Fluorescent Tags , problem with not 
covalent bonding: dye exchange  



barrier separating gel from a well. We hope that cover plate over the metal deposition around the 
wells will be used as the required barrier and will prevent mixture of DNA before collection 

Further development of this technique will allow us to collect separated DNA from thin 
layers of gel (microns in thickness instead of millimeters) which can help to separate, indentify, 
and collect DNA in picoliter volumes for further analysis. There are many realistic applications 
for this capability in forensics and medical diagnosis. 

 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

12.  Design of a cover plate over wells area. 
Experiments with DNA require large volumes of DNA solution (not less than 300 ng) especially 
if we are going to conduct experiments without dye and to check ratio of molecules before and 
after the experiment using gel separator or bio-analyzer. In order to increase the volume we need 
deeper wells. Additional deposition resulted in roof cracking. So we designed a cover plate from 
plastic or PDMS over the wells. This cover also can be useful in future design of an interface for 
pumping system in the wells. The problem was to glue the cover plate without blocking the 
channels. So; we decided to try additional metal deposition around the wells to prevent glue 
penetration (Fig.44). This chip will allow to install pumps over the wells.  
 
 
 
 

 
 

 
Figure 43. Use gel for separation DNA molecules and then  nanochannel chip 
for filtration and extraction.  
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
13 . Future work  
 
13.1.  Development of a chip with design of pumping system interface for DNA separation 
 
1 Fabrication of chips with plastic cover plate around the wells for increasing the solution 
volume and design of pumping system interface. Development of a chip transparent for THz and 
preventing DNA penetration through the roof.  This chip should provide long distance of 
solution penetration through channels which is important for THz and separation experiments 
(Fig.45). Investigation of chips with ALD depositions made with channels close at the edges to 
reduce molecules penetration inside the channels. Conduct the experiments without dye and 
check DNA concentration before and after the  experiments. 
. 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

   

 
 
Figure 44. a) Nanochannel chip with barrier and metal deposition around wells, b) plastic cover, 
c) Nanochannel chip with barrier and stripes of metal deposition in front of wells, d) crosscut of 
depositions and cover plate near wells. 

a) b) 

c) d) 



 
 
13.2. Development of a device for DNA extraction from gel 
 

1. We are going to continue to work on the gel and nanochannel chip combination. In order 
to extract DNA of particular lengths separately we need a chip with a number of wells 
for accumulation of DNA of different sizes. At first the separation takes place in gel 
which is already in a contact with the nanoparticle roof. Then we can extract different 
sizes of DNA from gel into different collections wells (Fig.46).  These chips can be very 
useful for rapid and efficient DNA separation and extractions. 

2.  
 
 

 
 
 
 
 
 

 
 

 
 
Figure 45. Chip for THz experiments and DNA separation  
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

13.3 Introduce spatially localized enzyme to observe dynamics of DNA fractionization 
(Fig.42).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 42. Chips for enzyme application to 
DNA  

 
 
Figure 46. Use gel with nanochannel chip 
for separation DNA molecules, filtration 
and extraction.  
 



 
 

13.4  Use nanochannel chip covered with proteins penetrated from upper channels for DNA 
separation due to protein bonding (Fig.43).  

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

13.5   Detailed measurement of DNA stretching by labeling ends with different dyes 
and/or  Q-dots  (Fig.44). 

 

 
 
 

 

 

 

13.6 Study the influence of DC and pulse alternating fields as well as temperature impact 
on the mobility of different DNA molecules  

 
13.7 THz Spectroscopy Measurements 
We have continued to interact with Professor Elliott Brown (UCSB) and Dr. Edgar Mendoza 
(Redondo Optics) on the application of these nanochannels to THz spectroscopy of DNA and 
RNA samples. Our primary role is to supply the nanochannel samples. Over the course of this 
project several redesigns of the nanochannel geometry and materials have been carried out to 
improve the THz measurements. A preprint is attached with the major results of this work.  
 

  
Figure 43. Chip for using protein for separation 

  
Figure 44. DNA with attached Q-dots 
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